c ardiomyopathies are a heterogeneous group of diseases with several etiologies ranging from heart specific muscle diseases (harboring defects in myosin, troponin, and other sarcomeric proteins) to generalized inherited mitochondrial disorders (1, 2) . Developing a more complete understanding of the multitude of genetic causes and clinical features of these diseases is a major challenge.
An unusual etiology for early onset dilated cardiomyopathy is the autosomal and recessively inherited dilated cardiomyopathic syndrome (DCMA syndrome), which was characterized in 2006 in the Canadian Dariusleut Hutterite population (3) . This disorder is caused by a defect in the human mitochondrial protein DNAJC19 (MIM ID *608977), which is located in the inner mitochondrial membrane and has been shown to function as a mitochondrial chaperone. The reported DNAJC19 mutation from the Hutterite population involves a G to C transversion in the conserved AG splice acceptor site of intron 3 of the gene (IVS3-1GRC).
In addition to cardiomyopathy, DNAJC19 deficiency is also associated with several other specific clinical manifestations including growth failure, microcytic anemia, ataxia and male genital anomalies. Together with the clinical features of cardiomyopathic syndrome (3, 4) , the ability to specifically detect this disorder by urinary organic acid analysis ( 3-methylglutaconic aciduria type V) allows for robust screening of this disease before undertaking molecular genetic analysis (5) . The DNAJC19 deficiency also has some similarities with X-linked Barth syndrome which is caused by a genetic defect in tafazzin, a mitochondrial transacylase required for cardiolipin remodeling. Barth syndrome is characterized by cardioskeletal myopathy, neutropenia and typical 3-methylglutaconic aciduria type II. The constitutive differences in the clinical presentations of these syndromes are the lack of skeletal myopathy and neutropenia in patients with a DNAJC19 deficiency. This study represents the first report of a DCMA syndrome outside of the Canadian Dariusleut Hutterite population. The clinical features of these patients expand the clinical presentation of DNAJC19 deficiency to include a noncompaction cardiomyopathy which has not been described earlier.
Results

Molecular Genetic and Protein Expression Analyses
Genomic DNA was extracted from peripheral blood leukocytes using a standard phenol chloroform method as reported earlier (3) . After detecting the mutation, an additional primer pair was designed for sequencing (forward primer 5′-GCTAAATCTCCCTCAGATAAG-3′ and reverse primer 5′-GAAGTTTAGACGGTAGGTAGTATAA-3'). Seq uencing of 
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Novel features of DNAJC19 deficiency the human DNAJC19 gene showed that both brothers harbored a homozygous single nucleotide (A) deletion c.300delA (p.Ala100fsX11) (http://www.ncbi.nlm.nih.gov/nuccore/NM_ 145261.3) in exon 6, which does not immediately cause an amino acid change but produces a stop codon 11 amino acids later and thus premature termination of the peptide. In addition, the patients had a homozygous polymorphism c.285A→C (p.Gly95=) (rs17850540) (http://www.ncbi.nlm.nih.gov/SNP/ snp_ref.cgi?rs=17850540). Both parents had the same heterozygous single base deletion and polymorphism that was detected in the patients (Figure 1) . Western blotting analysis was performed of the proteins extracted from cultured fibroblasts of the patients and from control cell lines (3) . No DNAJC19 protein expression was detected in the patient sample, whereas a robust 10 kDa band was detected in the control sample (Figure 2) . The novel deletion mutation was not detected in a cohort of 22 children who had been diagnosed with a dilated or noncompaction cardiomyopathy.
Patient 1
Patient 1 was the first child of healthy, unrelated parents of Finnish origin. He was born at term after an uncomplicated pregnancy with a normal birth weight (2770 g, −2 SD) and height (47 cm, −2 SD). During infancy, his growth decreased from −2 to −2.7 SD, weight increased from 0 to 15%, and his head circumference decreased from 0 to −1 SD curve.
Laboratory findings. This patient had developed neonatal hypoglycemia. At 17 months, a microcytic, hypochromic anemia with slight anisocytosis was noted (hemoglobin 99 g/l, erythrocyte count 4.98 × 10E12/l with 1.1% reticulocytes, mean red cell volume 64 fl, mean red cell hemoglobin 20 pg and red cell distribution width 17%). The plasma ferritin concentration was 7 µg/l (the normal range for this age is 6-60 g/l) and the transferrin receptor concentration was 3.0 mg/l (normal, 1.5-3.3 mg/l). Oral iron medication was administered and temporarily increased the hemoglobin and ferritin concentrations. However, the mean red cell volume remained subnormal and the red cell distribution was still higher than normal following this treatment.
The plasma alanine aminotransferase level was slightly elevated (88 U/l, normal <40 U/l) whereas the plasma lactate and lactate-pyruvate ratios were normal. Urinary organic acid analyses revealed a slightly elevated lactate level (38 mol/mol
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creatinine, normal <20), a high excretion of methylglutaconic acid (130 mmol/l creatinine, normal <15) and mild increase in the excretion of 3-methylglutarate (14 mmol/mol creatinine, normal <5) and 2-ethylhydracrylate (37 mmol/mol creatinine, normal <20). The serum desialotransferrin levels were slightly elevated (2.2%, normal <1.8%), but showed a normal profile.
Neurological and respiratory chain findings. The motor development in patient 1 was mildly delayed: he learned to walk unsupported at 1 year and 7 months, produced single words at 1 year and sentences at 2 years. He also had problems with balance, and showed a mild ataxia, gradual deterioration of fine motor skills, mild muscle weakness and a slightly reduced muscular mass. Brain magnetic resonance imaging results were normal at 3 years of age. A quadriceps femoris muscle biopsy showed a mild neutral lipid accumulation in single muscle fibers, but histochemical activities of cytochrome C oxidase and succinate dehydrogenase were normal. Biochemical analysis of mitochondrial function showed a slightly reduced adenosine triphosphate production with most substrates, and mitochondrial complex CI, CII, and CIV dependent enzyme activities were partially reduced suggesting partial respiratory chain enzyme deficiency in skeletal muscle.
Cardiac findings. At 2 years of age, a systolic murmur was audible and cardiac examinations were therefore introduced. A small muscular ventricular septal defect was subsequently found. Cardiac ultrasound analysis further demonstrated an enlarged left ventricle with an end diastolic diameter of 36 mm (+3.5 SD) and a mild decrease in systolic and diastolic function (fractional shortening, 27%). The left ventricular posterior wall and infero-apical myocardium were mildly noncompacted. A maximum end systolic ratio of the noncompacted endocardial layer to the compacted myocardium of 3.0 mm/7.0 mm was characterized. Color Doppler echocardiograms revealed perfused intertrabecular recesses. Electrocardiography further showed a prolonged QT interval corrected for heart rate (QTc 520 ms). Cardiac catheterization was performed and an aortic root angiography showed a normal coronary anatomy. The left ventricular end diastolic pressure measured 9-11 mm Hg and α-and β-adrenergic blocking medication (carvedilol 0.5 mg/kg/day) was then initiated. After 6 months, the cardiac systolic and diastolic function had normalized (fractional shortening > 30%, the ratio of transmitral Doppler early filling velocity to tissue Doppler early diastolic mitral annular velocity (E/E′)) (6). The left ventricular end diastolic diameter was still mildly enlarged (+2.5 SD). Because of the prolonged QTc-interval, carvedilol was replaced with propranolol (3 mg/kg/day). Repeat 24-h Holter registrations did not reveal any rhythm disturbances. Ubiquinone (9 mg/kg/day) and carnitine (9 mg/kg/day) were then administered as a combination treatment. The overall clinical condition of this patient remained relatively stable thereafter and at present he has no clinical cardiac symptoms (Figure 3 ).
Patient 2
Patient 2 was the second child of the same family as patient 1.
He was born at 38 gestational weeks with normal birth metrics:
weight, 2825 g (−1 SD); height, 48 cm (−1.5 SD); and head circumference, 34 cm (−1 SD). Later in infancy however, this patient showed progressive growth retardation (height −3.7 SD, head growth −2.2 SD) and also a right sided cryptorchism and chorda penis.
Laboratory findings. Neonatally, this patient had mild hypoglycemia, as found in his older brother, patient 1. He also had constant microcytic anemia. At 10 months of age, his hemoglobin was 93 g/l, and he had an erythrocyte count of 4.01 × 10E12/l with 1.1% reticulocytes, a mean red cell volume 71 fl, a mean red cell hemoglobin 23 pg, and a red cell distribution width of 17%. He received no iron therapy. The plasma alanine aminotransferase, plasma lactate and lactate-pyruvate ratios were normal. The findings of urinary organic acid analysis were also normal for this patient at 10 months. His serum desialotransferrin levels were slightly elevated (2.2%, normal <1.8%), but showed normal profiles.
Neurological findings. Patient 2 showed a moderate muscular hypotonia. Brain ultrasound imaging results were normal.
Cardiac findings. Fetal echocardiography was performed at 20 weeks of gestation due to the cardiac history of the older brother and normal cardiac findings were obtained. Three months postnatally however, echocardiography revealed that the ventricular free wall and apical part of the myocardium were noncompacted (7). The maximum end systolic ratio of the noncompacted endocardial layer to the compacted myocardium was 9.0 mm/5.0 mm. The left ventricular end diastolic diameter was normal at 25 mm (+1.5 SD). Cardiac systolic-diastolic function was mildly compromised (fractional shortening 26%, E/E´14) and the QTc-interval ranged from 330 to 470 ms, with no arrhythmia detected in a 24-h Holter registration. Carvedilol (0.5 mg/kg/ day) was administrated to treat the mild cardiac dysfunction but the left ventricle end diastolic diameter still increased to 37 mm (+4 SD). Cardiac function was then found to be substantially compromised by the age of 10 months and enalapril (0.5 mg/ kg/day), spironolactone (2 mg/kg/day), and warfarin were administered as a combination therapy. One month later, oral ubiquinone (9 mg/kg/day) and carnitine (9 mg/kg/day) were administered. The patient subsequently developed symptoms of heart failure (vomiting and tachypnea) and his condition deteriorated rapidly leading to a short loss of consciousness and cardiac decompensation. A milrinone infusion was initiated but by 13 months of age the patient had progressive heart failure. Following discussion with the parents, intensive therapeutic measures and resuscitation were withheld (Figure 3) .
Autopsy findings. A neuropathological macroscopic examination
showed that the structures of the brain stem were mildly atrophied, which could explain the ataxia of the patients. The pons, medulla oblongata and cerebellum were normal. Microscopic analysis revealed a minor diffuse atrophy in the brain stem and a minor loss of neurons and vacuolization in the periaqueductal neuropil. Scant vacuolization was found in the pontine the cardiac function of patient 1 improved and mild left ventricular remodeling was observed following treatment for heart failure. In contrast, there were no significant improvements in the cardiac function of patient 2 following various treatments. Nutritional supplementation of carnitine (responsible for the transport of fatty acids into the mitochondria) and ubiquinone (coenzyme Q10, a component of the electron transport chain) was initiated to improve heart function (two arrows) but no response was detected. treatments included the administration of a β-blocker (single arrow); enalapril, spironolactone, and warfarin therapy (two arrows); ubiquinone and carnitine (three arrows); intravenous milrinone (four arrows).
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tegmentum. The cerebellar structures were intact but the neuronal density of the dentate nucleus was marginally reduced and pycnotic cell and minor fiber depletion was evident in the hilus. A cardiac examination confirmed that the left ventricle was dilated and noncompacted (Figure 4) . The left ventricle free wall and apical myocardium showed a two-layered structure including a thin, compacted epicardial band and a much thicker, noncompacted endocardial layer consisting of a trabecular meshwork with endocardial spaces. A ratio of the noncompacted endocardial layer to the compacted myocardium was 9 mm/5 mm. Blue native gel analysis of the respiratory chain complexes showed normal amounts of mitochondrial respiratory chain enzymes in the skeletal and heart muscles ( Figure 5 ).
DIsCussION
To our knowledge, this is the first report of a DNAJC19 gene defect causing an early onset cardiomyopathy syndrome, DCMA syndrome, outside of the Canadian Dariusleut Hutterite population. Clinical features of these patients extend the cardiac features of DNAJC19 disease from a purely dilated cardiomyopathy to a shared dilated and noncompaction cardiomyopathy. Other clinical features of this defect were found to be similar to those earlier reported for the Canadian Hutterite population (3, 4) . In the largest yet published cohort of over 30 patients with DNAJC19 deficiency, the mean onset of disease was 12 months (range 1-36 months) (4). All of the affected patients had growth failure, and the other symptom frequencies among the cohort were as follows: 67% anemia, 61% dilated cardiomyopathy, 55% mild or borderline mental retardation, 55% ataxia, 33% long QT and 22% optic atrophy. In addition, most of the affected males had genital abnormalities including cryptorchism and hypospadia. Long QT syndrome was detected both with and without cardiomyopathy. Congestive heart failure and/or arrhythmias led to early death (mean 22 months, range 4-48 months) in 60% of these patients (3, 4) .
Mutations of the X-linked tafazzin gene cause Barth syndrome, which shares several features in common with DNAJC19 deficiency including early onset cardiomyopathy, methylglutaconic aciduria and growth failure (8) . Cerebellar symptoms and autosomal recessive inheritance are characteristic of a DNAJC19 deficiency but are not seen in Barth syndrome. Both DNAJC19 and tafazzin are mitochondrial proteins whereas DNAJC19 functions as a mitochondrial chaperone. A tafazzin knockdown results in a cardiolipin deficiency, reduced mitochondrial adenosine triphosphate production, decreased cardiac contractility, hypertrophy and cell death (6) . Overall, little is currently known about the inherited genetic defects affecting human DNAJ proteins and other mitochondrial chaperones (9) . Although DNAJC19 and tafazzin defects cause early onset cardiomyopathies, genetic defects in BCL2 (B-cell lymphoma 2) -associated athanogene 3 (BAG3), a co-chaperone of the heat shock proteins, have recently been shown to cause adult onset dilated cardiomyopathy (3, 10) .
In contrast to patients with Barth syndrome, neither cardiac noncompaction nor hypertrophy have been previously detected in patients with a DNAJC19 deficiency. Noncompaction of the ventricular myocardium is a recently recognized congenital cardiomyopathy, characterized by a spongy appearance of the ventricular myocardium with deep intertrabecular recesses predominantly involving the apical and posterior portion of the left ventricle (11, 12) . Left ventricular noncompaction has been suggested to result from an arrest during normal embryogenesis (13) . In this study, however, the echocardiogram of the younger brother appeared to be normal at 20 weeks of gestation. It is not clear whether these findings were related to limitations of the fetal echocardiography technique or to the postnatal development of the disorder (14) . Left ventricular noncompaction has mostly been associated with disorders causing skeletal muscle or cardiac disease, or with chromosomal anomalies (15,16) . 
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Both isolated and familial cases have been reported (17) . The combination of cardiomyopathy phenotypes (dilated and noncompacted) observed in our patients support the recent suggestions that there are shared molecular etiologies for different types of cardiomyopathies (18) .
Although it is often difficult to obtain a specific etiological diagnosis in cases of pediatric cardiomyopathy, in the future it will be even more important to differentiate systemic metabolic diseases from disorders that affect only the cardiac muscle. Understanding the biochemical and genetic features of cardiomyopathies will enable us to comprehend their clinical heterogeneity. Clinical features of our patients show that a DNAJC19 deficiency may manifest as both a dilated and left ventricular noncompaction cardiomyopathy. Detection of noncompaction may be an important factor in assessing disease severity as noncompaction may essentially increase the risk of poor ventricular function, arrhythmias and thrombosis (12) .
In conclusion, this is the first clinical report of DCMA syndrome, a human DNAJC19 deficiency, that is related to cases of severe dilated cardiomyopathy diagnosed in Europe. DNAJC19 deficiency causes a relatively specific finding in urinary organic acid analysis (methylglutaconic aciduria type V), which together with the clinical features of the ensuing cardiac disease, allows for effective screening before undertaking molecular genetic analysis.
PAtIeNts AND MetHODs
Two brothers of Finnish origin were presented with an unusual combination of a cardiomyopathy with growth failure, microcytic anemia, ataxia, neonatal hypoglycemia, mild liver involvement, muscle hypotonia, cryptorchism and chorda penis. The parents were healthy and reported to be unrelated to each other. Since the clinical features of these siblings were suggestive of either Barth syndrome or DNAJC19 deficiency, blood and urine samples were collected from the older brother for biochemical analyses. These included assays for plasma alanine aminotransferase, desialotransferrin, lactate and pyruvate levels, in addition to urinary organic acid analysis. A skeletal muscle biopsy was also performed. The detection of mild lactic acidemia and methylglutaconic aciduria as well as the lack of skeletal myopathy and neutropenia in the older brother strengthened the suspicion of a DCMA syndrome, and prompted sequencing of the human DNAJC19 gene (3). This study is part of a larger project aimed at improving the etiologic diagnostics available for Finnish children with cardiomyopathy. Written informed consent was obtained from the patients' parents and the study protocols were approved by the Ethical committee of Helsinki University Central Hospital, Helsinki, Finland.
